Octahedral manganese oxide molecular sieves (OMS-2) was prepared by precipitation method and modified by impregnation of titanium with different titanium/manganese (Ti/Mn) ratio. It was discovered that Ti/Mn ratio of less than 0.5 still retains the original pure cryptomelane structure of OMS-2. However, for sample with Ti/Mn ratio of more than 0.5, some rutile phases of titania (TiO2) can be detected together with the cryptomelane phase. Lewis acid sites were also observed in the titanium modified OMS-2 (Ti-OMS-2). Ti-OMS-2 was then used as catalysts for the oxidation of cyclohexane, cyclohexene and styrene, where Ti-OMS-2 with Ti/Mn ratio of 0.67 was most active in all three of the oxidation reactions as compared to TiO2 and OMS-2. The results suggest that both titanium sites in framework and non-framework and the Lewis acidity created by the impregnation of Ti, increased the activity of OMS-2 in oxidation reactions.
Introduction
Octahedral manganese oxide molecular sieves (OMS-2) are synthetic manganese oxides which are made up of MnO6 octahedra, with a framework structure consisting of 2x2 type tunnels and also known as synthetic cryptomelane [1] . The tunnel size of this material is 4.6 x 4.6 Å and these materials are known to be inexpensive and easy to prepare as compared to other manganese oxide type materials.
The usage of OMS-2 materials as catalysts in catalytic reactions has been explored in quite a few reactions, such as in the oxidation of benzyl alcohol [2, 3] . Apart from that, OMS-2 materials also shown potential as electrocatalysts for the oxidation of methanol, for fuel cell applications [4] and also as active catalyst for the total oxidation of benzene and ethanol [5] and epoxidation of olefins [6, 7] . The mild oxidants i.e. molecular oxygen and tert-butyl hydrogen peroxide (TBHP) used as oxidizing agents on OMS-2 materials have led to these materials being promising catalysts in fulfilling the environmental concern and regulations for clean environment.
In order to alter their structures and properties and to generate better electronic and catalytic performance, modification was done by doping cations into OMS-2 materials. These cations can substitute potassium and/or manganese ions which exist in the tunnel and framework structure, respectively [8] . The physical and chemical properties of doped OMS-2 are greatly influenced by the type, amount and location of the doping ions, where the properties of doped materials are significantly different from those of the undoped ones [9] . Among the transition metal doped OMS-2 materials, Fe-OMS-2 seems to be the best catalyst in some catalytic reactions such as oxidative dehydrogenation of 1-butene [10] , oxidation of toluene [11] , decomposition of the cyanine dye and pinacyanol chloride [12] , and oxidative dehydrogenation of ethanol [13] . However the activity of Fe-OMS-2 is lower than that of Co-OMS-2 in the oxidation of styrene [6] . It suggests that the activity of metal doped OMS-2 also depends on the type of substrates involved in the reactions.
Titania (TiO2) attracted much attention in catalysis as well as photocatalysis and it has been used in the synthesis of many chemical compounds. Titanium incorporated material shows outstanding catalytic properties, particularly in liquid phase oxidation process [14] [15] [16] . The discovery of titanium silicate-1 (TS-1) by Taramasso et al. [17] exhibited remarkable catalytic activity, selective epoxidations with 30% aqueous hydrogen peroxide under very mild conditions, constituted a milestone in oxidation catalysis. The discovery of TS-1 led to the study on incorporation of titanium into porous materials: microporous material such as silicoaluminophosphate (SAPO-5) and aluminophosphates (AlPO-5, AlPO-11 and AlPO4-36) and mesoporous materials such as MCM-41 and MCM-48.
The incorporation of titanium into manganese oxide molecular sieve frameworks is feasible because of similar sizes, charges, and coordination tendencies of manganese and titanium cations. Ionic radii of octahedral Mn 3+ , Mn 4+ , and Ti 4+ of 0.65 Å, 0.53 Å and 0.61 Å, respectively [18, 19] in crystals are close to one another. Hence Ti 4+ can easily substitute either Mn 3+ or Mn 4+ without causing much structural disorder and serious charge imbalance. Due to the mixed-valence character of manganese in OMS-2, this material has distinct advantages over silicate, aluminosilicate and aluminophosphate molecular sieve materials in catalytic applications [8, 9] .
In this work, a series of Ti-doped manganese oxide octahedral molecular sieves have been prepared. The structure of the catalysts was characterized by X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and pyridine adsorption coupled with FTIR for acidity study. The effect of Ti on the performance of OMS-2 for oxidation of cyclohexane, cyclohexene and styrene was tested out and Ti-OMS-2 with Ti/Mn ratio of 0.67 was most active when compared to TiO2 and OMS-2. The increase in the activity of OMS-2 in the oxidation reactions results indicates the important roles of titanium sites in framework and nonframework, and the Lewis acidity created by the impregnation of Ti.
Materials and Methods

Synthesis
A precipitation method mentioned in [20] was used in the preparation of OMS-2. A mixture of a 1.75 M solution of MnSO4.H2O (19.8 g in 67.5 ml deionized water) and 6.8 ml of concentrated HNO3 was firstly prepared. Subsequently, a 0.4 M solution of KMnO4 (13.3 g in 225 ml of deionized water) was added to the mixture, resulting the formation of black precipitate. This precipitate was first vigorously stirred and refluxed at 373 K for 24 h, then filtered and washed with deionized water until neutral pH is achieved and dried at 393 K. This process will then yield the OMS-2. The incorporation of titanium to give rise to Ti-OMS-2 involves the addition of a KMnO4 solution (13.3 g in 225 ml of deionized water) to varying amounts of Ti2SO4 (25-75 ml) (15 %(v/v) in H2SO4), producing Ti-OMS-2 in the Ti/Mn ratio of 0.18, 0.43 and 0.67. The mixture was then stirred, refluxed, filtered, washed, and dried following aforementioned procedure. Each of the samples was labelled as Ti-OMS-2 (0.18), Ti-OMS-2 (0.43) and Ti-OMS-2 (0.67), where the number in parentheses is the molar ratio of Ti/Mn.
Characterization
Each of the samples was subjected to characterization via powder XRD and phase content of the solid materials (Shimadzu XRD 6000 diffractometer with the CuKα λ = 1.5405 Å radiation as the diffracted monochromatic beam at 30 kV and 30 mA). The elemental composition analysis of manganese and titanium in the sample was done by utilizing atomic absorption analysis (AAS). For this purpose, a Perkin(SAC) electron spectrometer fitted with a Mg Kα source. The anode was operated at 120 W (12 kV, 10 mA) and the analyzer was operated at constant pass energy of 40 eV. The binding energy shifts due to surface charging were corrected using the C 1s level at 284.6 eV. An absorbed base probe molecule was used to characterize the acidity of the solids. A wafer of the sample (10-12 mg) was locked in the cell equipped with CaF2 windows, and evacuated at 400 °C under vacuum condition for 4 h. The introduction of pyridine as a probe molecule was then done into the evacuated sample at room temperature.
Catalytic Oxidations
Oxidation of Cyclohexane
The oxidation of cyclohexane was carried out at atmospheric pressure, as follows: 100 mg of catalyst was suspended in a mixture of 27.8 mmol (3 ml) of cyclohexane (Merck) and 10 mmol of TBHP (70% in water). The reaction mixture was heated under reflux with magnetic stirring in an oil bath at 333 K. After the reaction, the catalyst was removed and gas chromatography coupled to mass spectrometry (GC-MS, Agilent model G1540N, DB-1MS 20M capillary column) was used to identify the reaction products, which were quantified by gas chromatography (Trace GC) coupled to a flame ionization detector, using an internal standard (cyclooctane, Fluka) and calibration curves.
Oxidation of Cyclohexene
Cyclohexene (5 mmol), 70% (wt. %) TBHP in water (10 mmol), catalyst (50 mg), cyclooctane (0.5 mmol) as internal standard and acetonitrile (15 ml) as solvent were placed in a roundbottomed flask with a reflux condenser and the reaction was performed with stirring at 353 K in an oil bath for 24 h. In order to evaluate qualitatively the reaction products, the GC-MS analysis technique was applied using Agilent model G1540N GC-MS instrument with HP-5MS capillary column (30 m x 0.25 mm ID, 0.25 µm film thickness). The analysis of products quantitatively is using Thermo Finnigan Trace-GC instrument with Equity-1 capillary column (30 m x 0.25 mm ID, 0.25 µm film thickness) and connected to FID detector.
Oxidation of Styrene
Styrene (5 mmol), 70% (wt. %) in water of TBHP (10 mmol), catalyst (50 mg) and acetonitrile (15 ml) as solvent were placed in a roundbottomed flask with a reflux condenser and the reaction was performed with stirring at 343 K in an oil bath. The products were collected after 3 h of reaction and analyzed by GC and GC-MS.
Results and Discussion
Preparation and Characterization
In our previous paper on the effect of different locations of titanium sites in Ti-OMS-2 [21] , we made several findings based on the XRD patterns of OMS-2, Ti-OMS-2 (0.18) and Ti-OMS-2 (0.43). The samples are pure and exhibited high crystallinity, matching those of cryptomelane Q [22] , consisting of 2 x 2 tunnels with a pore size of 4.6 Å, with double chains of edge-sharing and corner-sharing MnO6 octahedra, which is the natural counterpart of OMS-2 material [23] (Figure 1) . Aside from the cryptomelane peaks, XRD patterns showed absence of other peaks, which highly suggests the successful incorporation of Ti into OMS-2. The intensities of the peaks at 2θ values of 30° (310) and 38° (211) also increased due to change in the aspect ratio of the cryptomelane fibers after Ti deposition, which showed that the preferred orientation was achieved after modifications with Ti. Another observation that was made was the presence of the peaks of rutile phase for TiO2 at the ratio of Ti:Mn higher than ca. 0.5, which was not the case at the ratio of Ti:Mn less than ca. 0.5 ( Figure 1 ). Considering the upper-limit of the titanium that could be incorporated into the framework, an early conclusion is that non-framework titanium species is formed when the Ti:Mn ratio reached 0.5. The amount of Ti located in non-framework is 25% in Ti-OMS (0.67), supported by the presence of rutile phase of TiO2 in Ti-OMS-2 (0.67) ( Figure  1 ). XPS analyses were carried out in order to obtain information on the local chemical environments of manganese and titanium in cryptomelane from the variations in binding energies or chemical shifts of the photoelectron lines. As chemical shifts are very uniform among the photoelectron lines of an element, line separations rarely vary by more than 0.2 eV [24] . A change in the separation of photoelectron lines suggests that a change in the local environment may have occurred. Line separation of binding energy of Mn 2p and Ti 2p and its differences between selected samples are listed in Table 1 , while the Mn 2p XPS spectra of OMS-2, Ti-OMS-2 (0.18 and Ti-OMS-2 (0.67) are shown in Figure 1 . The binding energies for Mn 2p1/2 and Mn 2p3/2 peaks of all sample were about 654 and 642 eV, which are very close to those of MnO2 Mn 2p peaks. The line separation for Mn 2p1/2 and Mn 2p3/2 peaks ΔBE of OMS-2, Ti-OMS-2 (0.18) and Ti-OMS-2 (0.67) were 11.83, 11.82 and 11.91 eV, respectively. Difference of line separation (ΔBE) of Ti-OMS-2 (0.18) and ΔBE of OMS-2 was 0.01 eV, which is very close to each other indicating that there is no change of the local environment of OMS-2 after the incorporation of titanium. For sample Ti-OMS-2 (0.67), the difference of line separa- , 9 (1), 2014, 31 Copyright © 2014, BCREC, ISSN 1978-2993 tion was also lower than 0.2 indicating that no change in the local environment Mn 2p after the addition of titanium. This is in agreement with results by Cai et al. [24] which reported that the local environment of Mn 2p of Fe-OMS-2 did not show any significant changes although hematite phase was observed in that sample by using XRD. However, the binding energies of Mn 2p of OMS-2 are lower than that of Ti-OMS-2 (0.18) (Figure 2 ). This confirmed the substitution of some manganese by titanium in the framework of OMS-2. The assumption is supported by considering the binding strength on bridging oxygen atom in OMS-2 and Ti-OMS-2 as shown in Figure 3 . Structures A, B, C represent pure OMS-2, Ti incorporated OMS-2 and TiO2, respectively. The binding strength of structure A, which is lower than of structure B, indicates that A is less stable than B, and consequently the binding energy of Mn in pure OMS-2 is lower than that in Ti-OMS-2 sample. As shown in Table 1 , the separation of titanium 2p1/2 and 2p3/2 peaks ΔBE increased from 5.36 to 5.64 eV (ΔBE = 0.28) when the titanium doping ratio increased from 0.18 to 0.67. This indicates that the local environment of titanium in Ti-OMS-2 (0.18) is different from that of Ti-OMS-2 (0.67). The binding energy Ti 2p of samples increases in the order of: Ti-OMS-2 (0.67) < TiO2-OMS-2 (0.18) (Figure 4 ) due to the difference in the local environment of each sample. The lowest binding energy of Ti-OMS-2 (0.18) caused by incorporation of titanium in the framework of OMS-2 (Structure B) which has total bond strength lower than Structure C (Figure 3 ). Ti-OMS-2 (0.67) has a significant difference in ΔBE (more than 0.2 eV) indicating that it has both Structures B and C (titanium framework and nonframework exists in the sample). The oxidation state of the Ti species was also examined by X- [25, 26] . In particular, the peak position of Ti 4+ is significantly influenced by its coordination environment, and the Ti 2p3/2 XPS peak of the octahedral coordinated Ti 4+ is generally located at lower BE (about 457.5-458.3 eV), while that of tetrahedral coordinated Ti 4+ at higher BE (about 458.5-463.4 eV). The observed BE Ti 2p3/2 values are nearer to those observed for the octahedral coordinated Ti 4+ , indicating that the Ti species in Ti-OMS-2 materials are located at the octahedral coordinated environments.
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IR spectrum of acidity study by pyridine adsorption after evacuation under vacuum at 400 °C and 150 °C are shown in Figure 5 . No peaks were observed for OMS-2 ( Figure 5 (a) ) while Lewis acid sites are formed in Ti-OMS-2 (0.67) as indicated by the appearance of peaks at 1447 cm -1 , 1489 cm -1 and 1604 cm -1 ( Figure 5  (b) ). No Brönsted acid sites were detected in both of the samples, as proven by the absence of peaks at 1540 cm -1 . The data indicates that the insertion of Ti into the framework of OMS-2 created Lewis acids in the sample.
Catalytic Activity
Oxidation of Cyclohexane
Oxidation of cyclohexane with TBHP under solvent-free condition was carried out by using OMS-2 and Ti-modified OMS-2 as catalysts. The main products observed after the reaction; detected by GC and GC-MS, are cyclohexanol and cyclohexanone ( Figure 6 ). Cyclohexyl hydroperoxide as by-product was also observed. Cyclohexyl hydroperoxide was an intermediate which was converted to cyclohexanol and cyclohexanone [27] [28] [29] . Figure 6 also shows that in blank reaction condition, only cyclohexyl hydroperoxide was detected as the product. The absence of cyclohexanol and cyclohexanone in blank reaction indicates that catalyst was needed to decompose cyclohexyl hydroperoxide to cyclohexanol and cyclohexanone. As shown in Figure 6 , no overoxidation products such as n-hexanal and adipic acid or the formation of cyclohexene were observed. This indicates that the catalysts were selective to cyclohexanol and cyclohexanone. The conversion and selectivity of cyclohexanol and cyclohexanone are in the range of 4.4 -7.8 and 89 -92 %, respectively, which are higher than that of industrial process of about 4 and 75 -85 %, respectively [30, 31] . As shown in Figure 6 conversion of cyclohexane using OMS-2 as the catalyst was lower than Ti-modified OMS-2. The highest conversion was obtained by Ti-OMS-2 (0.67). It suggested that the presence of non-framework TiO2 in the sample (as observed in XRD and XPS analyses) increases conversion of cyclohexane.
Oxidation of Cyclohexene
Oxidation of cyclohexene with TBHP as oxidant in acetonitrile as solvent was done over OMS-2, Ti-OMS-2 (0.18; 0.67) and TiO2 rutile. TiO2 in rutile phase was used since this phase was observed as impurity in Ti-OMS-2 (0.67). The reaction was carried out at 343 K for 2h and the products observed were epoxy cyclohexane, 2-cyclohexen-1-one and 2-cyclohexen-1-ol. The conversion of cyclohexene and selectivity towards 2-cyclohexen-1-one, 2-cyclohexen-1-ol and epoxycyclohexane as the reaction products are shown in Figure 7 . As demonstrated, the reaction catalyzed by all the catalysts produced the highest yield of 2-cyclohexen-1-one and their selectivity towards the formation of products are almost similar to each other except for TiO2 rutile sample, as no epoxy cyclohexane was observed as product when TiO2 rutile was used as the catalyst. From the figure it is also seen that the conversion of cyclohexene on Ti-OMS-2 (0.18) is significantly higher than that of OMS-2 catalyst. It was well evidenced that titanium incorporated OMS-2 enhanced the catalytic performance of OMS-2 catalyst which indicates that there is a synergetic effect of Ti and OMS-2 in Ti-OMS-2 catalyst. However, the most active was Ti-OMS-2 (0.67) catalyst, where the effect non-framework titanium active sites on OMS-2 material in the enhancement of its catalytic activity in the oxidation of Figure 4 . Detailed XPS spectra for the Ti 2p transition of (a) Ti-OMS-2 (0.18) and (b) Ti-OMS-2 (0.67) Figure 5 . FTIR spectra of (a) OMS-2 and (b) Ti-OMS-2 (0.67) after evacuation under vacuum at 400 °C for 4 h followed by pyridine adsorption at room temperature and evacuation at 150 °C for 1 h Figure 6 . The conversion and product selectivity of the oxidation of cyclohexane with tertbutyl hydroperoxide (TBHP) using (a) blank, (b) OMS-2, (c) Ti-OMS-2 (0.05) and (d) Ti-OMS-2 (0.67) as catalysts cyclohexene were significant. The formation of the allylic oxidation products 2-cyclohexene-1-one and 2-cyclohexene-1-ol which was more dominant than epoxy cyclohexane shows the preferential attack of the activated C-H bond over the C=C bond [32] . TBHP as oxidant promoted the allylic oxidation pathway and epoxidation was minimized. This was also observed under alumina-supported with divalent and trivalent transition metal ions and complexes [32] [33] [34] .
Oxidation of Styrene
The reaction condition of styrene oxidation was similar to the oxidation of cyclohexene. The reaction was carried out at 343 K in oil bath using acetonitrile and TBHP as the solvent and oxidant, respectively. The products of this reaction are benzaldehyde, styrene oxide and phenylacetaldehyde. The oxidation products of styrene using TBHP as the oxidant catalyzed by TiO2 (rutile phase), OMS-2, and Ti-OMS-2 were analyzed by GC. The selectivity towards benzaldehyde, styrene oxide and phenylacetaldehyde as the reaction products is shown in Figure 8 . The reaction catalyzed by all the catalysts produced the highest yield of benzaldehyde and their selectivities toward the formation of products are almost similar to each other. In our previous paper [21] , TS-1 was used as a reference catalyst in this reaction. TS-1 showed a high selectivity (52%) towards benzaldehyde as opposed phenylacetaldehyde, which was the major product in the oxidation of styrene by TS-1 zeolite, while no styrene oxide was produced [35] . As the formation of phenylacetaldehyde requires the presence of Brönsted acid sites, the lack of these acid sites in TS-1 resulted in higher selectivity towards benzaldehyde instead. As reported in section 3.1, the acidity study by pyridine adsorption shows that Lewis acid sites were formed in Ti-OMS-2 (0.67) and no Lewis acids were observed for OMS-2 sample. This is the possible reason why TiO2 and OMS-2 catalysts are not selective towards phenylacetaldehyde. OMS-2 and TiO2 may have promoted the carbon-carbon bond cleavage, resulting in high selectivity towards the formation of benzaldehyde.
As shown in Figure 8 , a considerable increase in the conversion of styrene over Ti-OMS-2, OMS-2 and TiO2 after 3 h of the reactions was clearly observed when Ti-OMS-2 (0.67) was used as catalyst. In our preceding paper [21] , we discussed how this increase was caused by the presence of non-framework titanium species in Ti-OMS-2 (0.67). The superior performance of Ti-OMS-2 (0.67) strongly suggests the occurrence of synergetic effect of nonframework Ti with OMS-2. This was further supported by our findings from XRD and XPS analyses, and will be discussed in more detailed in the next sections.
Effect of Lewis Acidity
The analysis of acidity of Ti-OMS-2 (0.67) proved that the titanium site on OMS-2 caused increasing Lewis acidity of the catalyst. Table 2 shows the correlation between Lewis acidity and conversion of substrates in oxidation of cyclohexane, cyclohexene and styrene with TBHP as the oxidant. It shows that Ti-OMS-2 (0.67), which has strong Lewis acidity as compared to OMS-2, gave higher conversion in the oxidation of cyclohexane, cyclohexene and styrene. It indicated that Lewis acid played a role in the en- [36] ; that Lewis acids can catalyze oxidation reactions. According to them, there are two possible ways for the Lewis acids to catalyze oxidation reactions which depend on the substrates i.e abstraction of electron and acid-base adduct. The possible role of the Lewis acid sites in enhancing the activity of Ti-OMS-2 in oxidation reactions are summarized in Table  3 . It shows that the main products for oxidation of cyclohexane are C-H bond activation in which Lewis acidity enhances the catalytic activity via abstraction of electron to form radical in homolytic pathway. In cyclohexene there are two ways in which Lewis acid sites play a role in oxidation reaction that is, electron abstraction and acid-base adduct. However, the selectivity of cyclohexene as shown in Section 3.2.2 indicates that the catalyst is more selective toward 2-cyclohexen-1-one and 2-cyclohexe-1-ol compared to epoxycyclohexane and C-H bond activation is preferred than C=C bond activation. In the oxidation of styrene, Lewis acid sites can only promote acid-base adduct since only C=C bond can be activated and it has no allylic C-H bond. Table 4 summarizes the role of location of Ti sites to catalytic activity of Ti-OMS-2 in oxidation of cyclohexane, cyclohexene and styrene with TBHP as oxidant. Although OMS-2 itself is active for all reactions, incorporation of titanium in the framework and non-framework of OMS-2 catalyst evidently affect the catalytic activity of OMS-2 materials. For oxidation of cyclohexane and cyclohexene, both Ti sites in framework and non-framework enhanced the catalytic activity of OMS-2 catalysts. However, for oxidation of styrene, only titanium nonframework played a role in the enhancement of catalytic activity of Ti-OMS-2. As mentioned before, the main products of oxidation of cyclohexane and cyclohexene was C-H bond activation whereas in oxidation of styrene was C=C activation. This suggested that incorporation of Ti in the framework only enhances the catalytic activity of Ti-OMS-2 for C-H bond activation and not C=C bond activation. In contrast, Ti sites in non-framework were active for both bond activations. 
Effect of Different Location of Ti sites in Ti-OMS-2
Conclusions
In this study, it was shown that the catalyst with high titanium content [Ti-OMS-2(0.67)] with Ti sites located in framework and nonframework position is found to be the most active catalyst for the oxidation reaction of cyclohexane, cyclohexene and styrene. This suggests that the superior catalytic activity of the catalyst is due to non-framework Ti site, besides the increasing Lewis acidity by incorporating Ti into the framework. The high catalytic activity exhibited by Ti-modified OMS-2 catalysts makes them promising catalyst for oxidation reactions. The relative catalytic activity in the order of: + < ++ < +++ b The location of Ti in OMS-2 has been elucidated by several spectroscopy techniques [21] 
